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This study is inspired by a scenario, in which the Standard Model, enhanced by an additional dark
matter scalar, could be extended up to the Planck scale, while accommodating the low measured
value of the Higgs mass. To that end, we study a toy model for a gauge singlet dark matter scalar
coupled to the Higgs-top-quark sector of the Standard Model. Using functional methods to derive
Renormalization Group flow equations in that model, we examine several choices for the ultraviolet,
bare potential in the Higgs-dark-matter sector. Our results indicate that the dark matter scalar
can decrease the lower bound on the Higgs mass in the Standard Model. We then use the fact that
higher-order couplings which are driven to tiny values by the Renormalization Group flow towards
low energies can easily be of order one at the ultraviolet cutoff scale. Our study indicates that the
inclusion of these couplings can significantly increase the ultraviolet cutoff scale and therefore the
range of validity of the model while yielding a low value for the Higgs mass in the infrared. This is
achieved within a setting where the dark matter scalar accounts for the complete dark matter relic
density in our universe.
I. HIGGS MASS BOUNDS AND DARK
MATTER – TWO UNRELATED PROBLEMS?
The discovery of the Higgs particle at the LHC [1, 2]
has far-reaching implications for fundamental physics:
The Standard Model is a complete low-energy effec-
tive theory, and no new physics at scales close to that
probed by the LHC is required for its consistency (which
of course does not preclude the possibility that new
physics will be found). This opens the door to an ex-
citing possibility, namely that the Standard Model (plus
right-handed neutrinos) describes the fundamental con-
stituents of our universe and their dynamics up to the
Planck scale, where quantum gravity effects become im-
portant. Thus our knowledge of fundamental particles
and their dynamics could hold over a huge range of scales.
In particular the absence of new physics on intermediate
scales would imply that the value of the Higgs mass de-
pends directly on the effective dynamics at the Planck
scale.
This scenario faces at least two crucial challenges:
Firstly, the measured value of the Higgs mass indicates
that the maximum value for the ultraviolet (UV) cutoff
scale of the Standard Model lies below the Planck mass
[3–15], suggesting that we miss degrees of freedom, which
become important at that mass scale. Secondly, cosmo-
logical and astrophysical data provide evidence that the
Standard Model cannot be the complete story of particle
physics, as it does not include dark matter. Assuming
that the solution to the dark-matter puzzle indeed lies
in particle physics and not in a modification of gravity
implies that we miss particle physics degrees of freedom.
It has been proposed, see [16–28], that the second prob-
lem could find a solution in the introduction of a single
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scalar field that serves as a stable dark matter candidate.
Most interestingly, the – at a first glance completely un-
related – question whether the range of validity of the
Standard Model can be extended up to the Planck scale
is affected by that same field: As has been studied in [29],
the additional scalar could lower the minimal allowed
value for the Higgs mass at a given UV cutoff scale, see
also [30–33]. One might hope that a very minimal exten-
sion of the Standard Model, adding only a gauge singlet
scalar field, could thus solve these two major challenges.
Several studies [29, 34] have addressed this question, em-
ploying a restricted choice for the ultraviolet potential.
Before we embark on an extended study of this prob-
lem, let us recall how the lower bound on the Higgs mass
arises in the context of the Standard Model: It is the
effect of a struggle between bosonic and fermionic fluctu-
ations: Following the Renormalization Group (RG) flow
towards the infrared, bosonic fluctuations decrease the
value of the quartic Higgs self-coupling. On the other
hand, fermionic fluctuations, in particular of the top
quark, yield an increase of the low-energy value of that
coupling. Since the Higgs mass is directly proportional
to the Higgs self-coupling, a dominance of top-quark fluc-
tuations yields a large value of the Higgs mass in the
infrared. The minimal value for the Higgs mass, as a
function of the UV cutoff Λ, arises if the microscopic
value of the Higgs self-coupling is fixed to the minimal
value that is compatible with an ultraviolet stable poten-
tial, i.e., a vanishing value. In the case of a UV cutoff at
Λ = MPlanck, the lower bound on the low-energy value
of the Higgs mass, given a top mass of mtop = 173 GeV,
turns out to be higher than the experimentally deter-
mined value.
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2A. The Standard Model as a low-energy effective
field theory
Here we will suggest a solution to this problem, which
exploits the fact that the Standard Model is a low-energy
effective theory. This implies of course that at UV
scales the Standard Model does not only contain per-
turbatively renormalizable (i.e., marginal and relevant),
but also canonically irrelevant, i.e., perturbatively non-
renormalizable couplings. Such operators, e.g., a h6 in-
teraction for the Higgs field h, do not play a role at
low energies, as they die out during the Renormaliza-
tion Group flow towards the infrared (IR). Conversely,
they can easily take values O(1) in the UV and thereby
completely alter the RG flow of the effective potential at
high scales. The inclusion of such higher-order couplings
could have a crucial influence on the question of a lower
Higgs-mass bound.
At a first glance, one might object that the validity
of an effective-field theory framework for the Standard
Model must imply that low-energy observables cannot
depend on perturbatively non-renormalizable operators,
as these must be suppressed. Here it is crucial to realize,
see [39], that the question whether the low-energy value
of the Higgs mass is compatible with a stable electroweak
vacuum, is not a low-energy question: It depends on the
high-energy values of the couplings in the effective poten-
tial, simply because the lower bound on the Higgs mass
is a function of Λ, and thus sensitive to physics at Λ.
Previous studies of the RG flow in the Higgs-dark-
matter sector ignored these couplings. Since there is no
symmetry principle to set those couplings to zero, we
generically expect them to be non zero at the UV scale.
Thus previous studies employed a particular, fine-tuned
choice for these couplings.
In general, the values of those couplings at a UV scale,
e.g., the Planck scale, are determined by the ultravio-
let completion of the theory, which should also involve
gravity. An example of a candidate for a UV comple-
tion, which is consistent with the Standard Model data,
and would predict particular values for those couplings,
is given by asymptotically safe gravity [35–38]. More
generally one should expect the following situation: Sim-
ilarly to QED, where integrating out fermionic fluctua-
tions leads to the Euler-Heisenberg Lagrangian for the
low energy photons, the microscopic degrees of freedom
constituting the UV completion of the Standard Model
could generate all possible operators that are compatible
with the symmetries of the low-energy description. Ac-
cordingly, operators such as h6 will be present at high
scales. In our analysis we will assume that we can em-
ploy the effective-field theory framework, i.e., ignore the
microscopic degrees of freedom such as quantum gravity
fluctuations, in the vicinity of the cutoff scale Λ, where
the induced higher-order couplings are nonzero. Towards
the infrared, all but the marginal and relevant couplings
will be driven to near-zero values by the Renormalization
Group flow. Accordingly the low-energy theory only con-
tains those couplings known from the Standard Model.
In the following, we will not assume anything about
the ultraviolet completion. Correspondingly, the values
of irrelevant couplings at the UV cutoff scale will be free
parameters. We will investigate whether it is possible
to find values for these parameters, such that the vac-
uum of the Standard Model, augmented by the additional
dark matter scalar, could be stable at those high scales,
and the measured value for the dark matter relic den-
sity and the Higgs mass is reproduced. Invoking a toy
model of the Standard Model, we propose a mechanism
to achieve these objectives. Our toy model includes a
Z2-symmetric potential for a scalar, to be identified with
the Higgs. This choice is motivated by the fact that the
spontaneous breaking of this discrete symmetry will not
feature any Goldstone bosons. Similarly, there are no
massless Goldstone modes in the Standard Model, as the
would-be-Goldstone modes constitute the massive longi-
tudinal polarizations of the W and Z bosons. This toy
model without the dark matter scalar has been studied
in a similar context by various methods [39–42].
Further, our model features a fermionic degree of free-
dom that increases the low-energy value of the Higgs
mass through a Yukawa-coupling to the scalar, just as
the top quark does for the Standard Model: As top
quark fluctuations yield a negative contribution to the
beta function of the Higgs self-coupling, they increase
the minimal value for the Higgs mass in the infrared. In
our analysis, we will focus on values of the scalar and the
fermionic masses that equal the Standard Model masses
for the Higgs and the top quark.
Additionally, we include a further scalar S, the dark
matter particle, which couples to the Standard Model
through the Higgs portal, i.e., a quartic S2 h2 interaction.
To evaluate the RG flow within this toy model, we
employ the functional Renormalization Group to derive
the beta functions for all running couplings g(k), where
βg = k∂k g(k), (1)
with a momentum scale k. For details on the func-
tional Renormalization Group and our expressions for
the β functions, see app. A. A clear advantage of this
method lies in its applicability beyond the range of va-
lidity of perturbation theory.
The Renormalization Group flow will then allow us to
find a map from the values of the couplings at a UV
cutoff scale to the infrared values of the couplings, which
are accessible to measurements. Using this map, and
requiring positivity and boundedness of the highest-order
non-vanishing coupling at the UV cutoff scale, enables us
to determine the value of that scale.
A related study has been performed in [39], where the
RG flow of a toy model of the Higgs sector was studied,
taking into account higher-order couplings. In our work,
the central assumption is that the Standard Model com-
pleted by the Higgs portal to dark matter is the physically
relevant model. Therefore the dark matter scalar consti-
tutes a relevant degree of freedom that must be included
3in the study.
The effects of higher-order couplings in the Higgs sec-
tor have also been addressed previously within a per-
turbative framework in [46–48], where the focus was on
scenarios where the presence of higher-order couplings
lowers the scale of New Physics.
II. HIGGS-DARK-MATTER MODEL
We consider a model defined by the action
SUV =
∫
d4x
{
ψ¯i/∂ψ +
1
2
(∂µh)
2 +
1
2
(∂µS)
2
+iy¯ hψ¯ψ + V¯ (h, S)
}
, (2)
where ψ is a Dirac fermion parametrizing the top quark.
The real scalar boson h stands for the radial component
of the Higgs particle and couples to the top quark by the
Yukawa interaction y¯. This part of the action is invari-
ant under Z2-transformations1. To include dark matter,
we introduce a further gauge-singlet scalar field S in-
variant under a separate Z2-transformation which leaves
invariant all other fields. This discrete symmetry en-
sures the stability of the scalar and makes it a candi-
date for dark matter. Self-interactions of the bosonic
degrees of freedom and mutual interactions among them
are parametrized by the potential V¯ (h, S).
As a crucial difference to earlier investigations of the
Higgs portal [29, 43, 44] we now consider a more general
effective potential, and extend the expansion to include
couplings of higher order in the fields:
V¯ (h, S) =
m¯2h
2
h2 +
m¯2S
2
S2 +
λ¯20
8
h4 +
λ¯02
8
S4 (3)
+
λ¯11
4
h2S2 +
λ¯30
48
h6 +
λ¯03
48
S6 + ...
All couplings depend on a Renormalization Group scale,
thus the effective potential is RG scale dependent. In
the following, we will employ a dimensionless version of
all couplings, obtained by multiplying the couplings with
appropriate powers of a momentum scale k, i.e., λ11 =
λ¯11, λ30 = λ¯30k
2 etc.
Note that power-counting suggests that the higher-
order, irrelevant couplings λ30, λ03, ... will be very small
at low energies and the infrared physics is dominated
completely by the relevant and marginal couplings. Our
numerical evaluation of RG trajectories will explicitly
confirm this expectation in agreement with standard
effective-field theory arguments. Conversely, these cou-
plings will generically be O(1) at the UV cutoff scale. Of
1 The Z2 transformation acts as follows: h → −h, ψ¯ →
ψ¯ei
pi
2
γ5 , ψ → eipi2 γ5ψ, S → S. Note that the action on S
is trivial.
course, the same argument applies to higher couplings,
of e.g., the h8 operator. In our study, we do not aim for
a comprehensive investigation of the space of bare poten-
tials. We will show, using the example featuring only a
subset of possible higher-order couplings, that their in-
clusion can provide a mechanism to obtain compatibility
between a high value for the UV cutoff scale, and a low
value for the Higgs mass in the infrared.
Here we aim for a minimal explanation of dark matter
in the sense that the we try to explain the entire dark
matter relic density by postulating only one additional
degree of freedom, namely the scalar S. This require-
ment imposes a relation between λ11 and mS , as the
relic density depends on the annihilation cross-section
of dark matter into other particles, i.e., Standard Model
fields. Since the cross-section is a function of both λ11
and mS , a relation between the two follows from requir-
ing the cross-section to take the correct value to repro-
duce the dark matter relic density, see [17, 19, 45]. Tak-
ing into account additional Higgs-dark-matter couplings,
such as, e.g., S2(h2)2, which could also be present at
the UV scale could of course change the cross-section.
To decide, whether these couplings play a role for dark-
matter-annihilation into Standard Model particles, we
need to consider the energy scale at which dark matter
freezes out. As this is much lower than the ultravio-
let cutoff scale, effective-field-theory reasoning therefore
suggests that the presence of higher-order couplings at
the UV cutoff scale Λ does not affect the annihilation
cross-section that determines the dark matter relic den-
sity. Accordingly the analysis in [17, 19, 45] also holds in
our case.
A. The effect of dark matter – first steps
As a first step we re-examine the system de-
scribed by Eq. (2), setting all higher-order cou-
plings to zero. The system is then parametrized by
λ20(k), λ11(k), λ02(k), y(k) and mh(k),mS(k). While the
infrared values of the coupling λ11 and the mass mS
are related by the observed value of the dark matter
relic density, their RG flow and their values at higher
scales are not related, since the condition on the scat-
tering cross-section only has to hold at the freeze-out
scale. As discussed in [45], the complicated relationship
between mS and λ11 goes over into a simple linear rela-
tionship between the logarithms of the two quantities at
mS > mh/2. Using
2
log10
(
λ11
2
)
= −3.63 + 1.04 log10(mS/GeV), (4)
2 Note that the difference to the equation given in [45] arises from
a factor of 2 in the definitions of the coupling. While the relation
in [45] is obtained in the context of the Standard Model, we will
apply it for our toy model here.
4we note that a small value of λ11 = 1/10 already trans-
lates into mS = 173.5 GeV, for which clearly mS >
mh/2. Accordingly we can use the above approxima-
tion to set the relationship between mS and λ11 at the
infrared scale as we will only be interested in the case
λ11 ≥ 1/10.
We now set the Higgs vacuum expectation value to
vev = 246 GeV at the infrared scale kIR. Furthermore
we set y(kIR) = 173/246, thus yielding a top-mass of
mtop = 173 GeV. We then construct RG trajectories that
yield different values of λ20, λ11 and λ02 in the infrared
as a function of the UV cutoff scale. At the UV cutoff,
λ20 = 0 yields the lower bound on the Higgs mass in the
infrared, whereas λ20(kUV) = λ20 max yields the upper
bounds, related to the triviality problem. Note that with
our defintions the coupling λ20 is related to the Higgs
mass by mH =
√
λ20 · vev. The requirement of a stable
potential implies [19]:
λ20(k) > 0, λ02(k) > 0,
λ211(k) < λ20(k)λ02(k) for λ11(k) < 0. (5)
Furthermore we demand that none of the couplings hits a
Landau pole. We implement this condition by demanding
that none of the couplings exceeds a given value λmax,
e.g., 10. In the functional RG approach the couplings
are not bound by the perturbative regime and we can
study couplings with larger values than those typically
investigated in a perturbative setup.
In agreement with [29], we observe two main effects
of dark matter. Both result from the bosonic nature of
the dark matter scalar, which implies that λ11 yields a
positive contribution to the beta function for the Higgs
self-coupling, cf. app. A. Accordingly the dark matter
scalar counteracts the effect of fermionic fluctuations. A
larger λ11 thus implies that a lower Higgs mass can be
reached in the infrared while starting from the same UV
cutoff scale, cf. fig. 1. On the other hand, this positive
contribution also enhances the divergence in λ20 at larger
values. Thus the region of larger Higgs masses is char-
acterized by a faster approach to the Landau pole and
therefore a lower cutoff scale. Thus both the upper as
well as the lower bound on the Higgs mass for a given
cutoff scale Λ move down. Both boundaries meet at a
finite value of λ11, see fig. 2.
Larger values of λ02(kIR) result in a quicker approach
to the Landau pole and are thus not conducive to a high
cutoff scale Λ. It turns out that values λ02(kIR) ≤ 10−2
do not result in a different shape of the Λ contours.
Our functional RG approach includes nonperturbative
threshold effects and accounts for spontaneous symmetry
breaking during the RG flow. This allows to dynamically
generate the Higgs mass during the RG flow. For a de-
tailed study of threshold effects, see app. B.
Let us stress that a main difference between our model
and the Standard Model lies in the location of the region
where Λ ≈ 1019 GeV. Whereas it lies above 200 GeV
in our case, the corresponding region in the Standard
Model lies only a few GeV above the measured value of
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FIG. 1: We plot the lower bound on the Higgs mass as a
function of the UV cutoff scale Λ. The thick blue line shows
the case without dark matter, whereas the other cases in-
clude dark matter, with λ11(kIR) = 1 (green dotted line) and
λ11(kIR) = 0.8 (red dashed line).
FIG. 2: We plot contours of fixed cutoff scale Λ, indicated
by colors and numerical values in the plane spanned by mH
and λ11. The labels at the contours give Log10(Λ/GeV). The
dark scalar mass is fixed by the requirement that the scalar
constitutes the complete dark matter relic density and the
dark matter self coupling is λ02(kIR) = 10
−2. None of the
couplings exceeds the value 3.
the Higgs mass [13, 29]. Accordingly, whereas approxi-
mately 100 GeV have to be bridged in our model, a much
smaller difference of only a few GeV must be bridged in
the Standard Model case.
Focusing on the physical value of the Higgs mass,
mH = 126 GeV, we then evaluate the cutoff scale as a
function of λ11 and λ02. We also test, how much the
upper bound depends on the maximal allowed value of
the couplings, cf. fig. 3. Up to λ11 ≤ 1, the UV cutoff
Λ does not depend on the maximal allowed value for the
couplings, as the cutoff is induced by the stability bound.
For larger λ11, the cutoff depends on the maximal value
of λij , as the cutoff scale is reached when at least one of
the couplings increasing beyond the maximal value. A
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FIG. 3: We plot the UV cutoff Λ as a function of the infrared
value of λ11 for mH = 126 GeV. Thick lines correspond to
an infrared value of λ02 = 10
−3, and thin lines λ02 = 0.7.
Blue continuous lines are for a maximal value of 100 for all
couplings, green dotted for 10, and red dashed for 3.
larger value of λ02 implies an earlier onset of the trivial-
ity bound, and leads to smaller cutoff values at λ11 & 1.
Accordingly, a smaller λ02 allows to reach higher cutoff
scales, cf. thick lines in fig. 3.
Our analysis implies that the maximal UV cutoff for
physical values of the Higgs and top mass that can be
reached in this model is higher than without dark mat-
ter, but still lies significantly below the Planck scale. As
our functional RG approach allows for the couplings to
leave the perturbative regime, we can study a region of
couplings beyond those allowed in the perturbative study
in [29]. We conclude that cutoff values at the GUT scale,
i.e., Λ = 1016 GeV, could be reached. Still, the Planck
scale seems to remain out of reach in this setting. Let us
emphasize that these scales cannot be translated directly
into values for the case of the Standard Model.
B. The effect of dark matter – new couplings
We will now take into account the effect of higher or-
der couplings in the effective potential. As we discussed
above, effective-field-theory arguments suggest that such
couplings can easily be O(1) in units of the cutoff scale,
and therefore play a significant role at high scales.
We point out that given an ultraviolet cutoff scale Λ,
it is possible to reach values for the Higgs mass that lie
below the lower bound that arises in the case where the
potential is restricted to contain only quartic couplings,
cf. fig. 4. Most importantly, the lower (green dashed)
curve in fig. 4 is not a lower bound on the Higgs mass,
as even lower values can be obtained for the same choice
of the cutoff, if a lower λ20(kUV) is chosen. The values
for the Higgs mass on that curve are predictions for the
Higgs mass that arise from a given choice of values for
the couplings in the ultraviolet.
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FIG. 4: We plot the lower bound on the Higgs mass in
GeV as a function of UV cutoff Λ for the model without dark
matter (blue thin line), including dark matter with λ11(kIR) =
0.5 (purple dotted line). The green dashed line shows the
values for the Higgs mass that we obtain when we include
higher-order couplings, and start with λ30(kUV) = 3 = λ03,
λ02(kUV) = 0.5 and λ20(kUV) = −0.25. The UV value of
the Yukawa-coupling is fixed to give the correct value of the
top quark mass. Here, we neglect non-perturbative threshold
effects.
Our most important conclusion regards the infrared
value of the Higgs mass in the case of a cutoff at the
Planck scale, Λ ≈ 1019 GeV. The combined effect of
the dark matter scalar and the inclusion of higher or-
der couplings leads to a value that is approximately 7
GeV below the lower bound arising in a quartic potential
without dark matter (for the choice of UV initial condi-
tions used in fig. 4). We stress that a different choice of
UV initial conditions could even yield masses below that
value. Our model does not contain all Standard Model
degrees of freedom, but we can still embark on a specula-
tion for that case: Assuming that the combined effect of
dark matter and generalized UV initial conditions yields
a similar change in the infrared value of the Higgs mass,
we conjecture that the Standard Model could be valid all
the way up to the Planck scale.
Employing the beta functions including nonperturba-
tive threshold effects is technically slightly more involved,
as the UV initial conditions for the Higgs vev and the
dark matter mass need to be fine-tuned. As can be seen
in tab. I, explicit integrations confirm the results pre-
sented in fig. 4: The inclusion of dark matter and the
generalization of the UV initial conditions leads to a sig-
nificant decrease in the infrared value of the Higgs mass.
The comparison of fig. 4 and tab. I confirms that the
qualitative side of this mechanism is independent of non-
perturbative threshold effects, and thus applicable also
within a setting where the Standard Model remains per-
turbative, i.e., the couplings remain bounded from above
by, e.g., 1, all the way to the Planck scale.
The scale-dependence of the couplings shows the ex-
pected behavior: At the UV scale, λ20 is negative, which
would imply an instability if no higher-order couplings
were present and thus rule out this particular microscopic
theory. As λ30 > 0, the potential is stable at the cutoff
6TABLE I: Higgs mass for different scenarios calculated with
the FRG β functions including threshold effects. We show
the lower mass bounds in the case without higher order cou-
plings, i.e. O(φ4), and a mass with higher order couplings,
O(φ6) lying below the naive bound. Here, vev = 246 GeV
and mtop = 173 GeV and when dark matter is included,
the relic density relation is fulfilled with very good accu-
racy (deviation of < 2% in the dark matter mass). All
higher couplings to order O(φ6) in the scalar fields h and
S are included and we choose a stable UV potential with
λ20(kUV) = −0.1 and λ30(kUV) = λ03(kUV) = 3 and further
λ02(kUV) = 0.01, λ21(kUV) = λ12(kUV) = 0.
ΛUV = 10
8GeV λ11(kIR) mH/GeV
O(φ4), no dark matter 0 141.1
O(φ4) 0.87 127.8
O(φ6) 0.87 111.1
ΛUV = 10
10GeV λ11(kIR) mH/GeV
O(φ4), no dark matter 0 163.7
O(φ4) 0.77 150.7
O(φ6) 0.77 139.9
FIG. 5: We plot the potential at the UV cutoff scale Λ. Set-
ting higher-order couplings to zero (upper panel) leads to an
unstable bare potential. Including the couplings λ30 and λ03
(see above for values) leads to a stable bare potential with its
minimum at a vanishing value for the Higgs field.
scale Λ. Towards lower scales, λ30 quickly becomes very
small, as expected.
Note that in our analysis we neglect couplings of higher
order, such as h8 couplings. Even if set to zero at the UV
cutoff scale, these can be generated by the RG flow close
to the UV scale. Towards the infrared, they run to zero
quickly, and will not have a significant effect on the RG
flow of the other couplings. A corresponding convergence
study has been performed in [39]. Similar results are
assumed to hold in the case of the Higgs portal.
Crucially, the potential in the UV is completely stable
with its minimum lying at a vanishing value of the Higgs
field, cf. fig. 5. A nonvanishing minimum, correspond-
ing to vev = 246 GeV is generated during the RG flow
towards the infrared.
Let us briefly discuss our choices for λ11 and mS in the
context of experimental searches for dark matter: Re-
gions of parameter space, where λ11 ∼ 1, are experimen-
tally viable, while a significant part of the dark matter
parameter space at low values of λ11 has already been ex-
cluded, cf. [45]. The region that is of particular interest
in the context of a low value of the Higgs mass therefore
still remains viable. Future updates of the XENON ex-
periment [49–51], as well as the LUX experiment [52, 53],
will start to probe this interesting regime.
III. CONCLUSIONS
In our work, we address two major challenges faced by
the Standard Model: Firstly, it does not contain an ex-
perimentally viable candidate for cold dark matter, which
is required to explain astrophysical and cosmological data
in the absence of modifications of the gravitational dy-
namics. Secondly, many studies indicate that the mea-
sured value of the Higgs mass precludes an extension of
the Standard Model all the way to the Planck scale. Here
we use the simple observation that additional bosonic de-
grees of freedom, coupled to the Higgs via a quartic cou-
pling, can contribute to a lowering of the bound on the
infrared value of the Higgs mass, as they yield a positive
contribution to the β function of the Higgs self-coupling.
At the same time, this model is highly attractive, as the
additional scalar provides a stable dark matter candidate
that can explain the complete dark matter relic density
with only a simple additional scalar degree of freedom. If
successful, our program implies that the understanding
of fundamental particles and their interactions spans a
huge range of scales and physical phenomena. The main
missing ingredient for a complete picture is then the in-
clusion of quantum gravitational dynamics beyond the
Planck scale. This scenario is suggested by the exper-
imental data coming from the LHC, implying that the
value of the Higgs mass lies in a regime where an ex-
tension of range of validity of the Standard Model plus
a dark matter scalar all the way up to the Planck scale
could be possible.
We confirm previous studies that show that the inclu-
sion of the additional scalar increases the UV cutoff scale
of the Standard Model to higher scales. Here we point out
that these studies were rather restricted in the following
sense: As the Standard Model is a low-energy effective
field theory, no higher-order couplings are present at low
7energies. Simultaneously, canonical power counting argu-
ments suggest that terms such as h6 can have couplings
of O(1) at UV scales. An analysis of the RG flow, bridg-
ing the gap to those high scales, must take these cou-
plings into account. To our best knowledge, our study
is the first to consider these couplings in the context of
the Higgs dark matter portal. We point out that earlier
studies relied on choosing very specific initial conditions
for the RG flow at high scales, where all higher order
couplings are set to zero. As no symmetry-principle for-
bids their presence, one should generically expect that an
ultraviolet completion of the Standard Model will induce
these couplings at the UV scale.
We employ functional Renormalization Group tools to
analyze the RG flow in a toy model of the Higgs sector
of the Standard Model plus dark matter, including two
scalars (Higgs and dark matter scalar), and a fermion
(top quark). We provide a proof of principle, that the in-
clusion of higher-order couplings in this system allows us
to obtain the measured value of the Higgs and top mass
in the infrared, while starting from a UV-stable poten-
tial at higher cutoff scales Λ. Simultaneously, the dark
matter scalar accounts for the complete dark matter relic
density in a viable region of the parameter space of that
model. As we have shown, the inclusion of dark matter
and the generalization of the UV bare potential allows
to reach Higgs masses lying several GeV below the lower
bound from a quartic potential, when the cutoff is chosen
to lie at the Planck scale. Since we employ a toy-model,
extrapolations of the numerical results to the case of the
Standard Model have to be taken with a grain of salt,
but could actually imply the possibility of a cutoff scale
that is as high the Planck scale. As the lower bound on
the Higgs mass in the case of the Standard Model with
a cutoff at the Planck scale lies at mH = 129 GeV, it
is very tempting to speculate that the inclusion of dark
matter and higher-order couplings will provide the addi-
tional ∼ 4 GeV necessary to accommodate the measured
value of the Higgs mass.
A significant part of the dark-matter parameter space
that seems to be of interest for this scenario will be
probed in the near future, e.g., by the XENON exper-
iment. We emphasize that it is a combination of two
effects that could allow the Standard Model to bridge
the way from low scales to the Planck scale: Firstly, the
inclusion of a dark matter scalar extends the UV cutoff
scale to higher values. In a second step, higher-order cou-
plings can play a role on scales below the UV cutoff scale.
This could provide an ultraviolet stable potential at the
Planck scale. The RG flow then forces the higher-order
couplings to vanish, while the quartic couplings, which
are negative at the cutoff scale, grow to reach positive
values. Going further in the direction of the infrared, the
RG flow is then essentially indistinguishable from a flow
including only quartic couplings.
A study of the convergence of the polynomial expan-
sion of the effective potential during the RG flow is be-
yond the scope of this analysis. We defer this important
point to future work, and only point out here that a nu-
merical analysis of the RG flow of the effective potential
not relying on a polynomial expansion is better suited to
understand all properties – global and local – of the effec-
tive potential at all scales. This will allow us to conduct
a comprehensive study of the space of bare potentials
as well as an extensive analysis of the dark matter pa-
rameter space. In the future, more detailed studies of the
proposed scenario, including all relevant Standard Model
degrees of freedom, will allow to provide a quantitatively
precise determination of possible UV stable potentials
and the corresponding cutoff scales.
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Appendix A: Derivation of β functions
We employ the functional Renormalization Group to
extract the β functions of running couplings. The β func-
tions are obtained from a momentum-shell wise integra-
tion over the quantum fluctuations in the path integral
Z[J ] = exp(W [J ]) =
∫
Λ
Dϕe−S[ϕ]+J·ϕ with the micro-
scopic action S[ϕ] and the source J , as suggested by Wil-
son. This is achieved by introducing a momentum-scale
dependent mass-term of the form ∆Sk[ϕ] =
∫
ddpϕ(−p)·
Rk(p) · ϕ(p) into the action in the path integral, where
Rk(p) = 0, for p
2 > k2,
Rk(p) ≥ 0, for p2 < k2,
Rk(p) → 0, for k2 → 0. (A1)
The first condition ensures that for high-momentum
modes, the path-integral is unmodified and they are in-
tegrated out, contributing to the effective action for low-
momentum modes. The second condition results in a
suppression of low-momentum modes which do not con-
tribute to the effective dynamics. Finally the last condi-
tion implies that the standard effective action is reached
in the limit k → 0. A particular function that satisfies
these requirements and that we will use in the following
8is given by
Rk b(p) = (k
2 − p2)θ(k2 − p2),
Rk f (p) = /p
(√
k2
p2
− 1
)
θ(k2 − p2), (A2)
where the first line holds for scalar bosonic, and the sec-
ond for fermionic degrees of freedom.
We obtain the field expectation value from the relation
φ = 〈ϕ〉 = Z−1(δZ/δJ). It is then possible to define a
scale-dependent effective action Γk for the momentum-
modes below and at k by
Γk = supJ (J · φ−W [J ])−∆Sk[φ] (A3)
Integrating out quantum fluctuations in the momentum
shell δk results in a change of the couplings gi(k) in the ef-
fective action Γk =
∑
i gi(k)Oi(φ) where Oi(φ) are local
operators compatible with the symmetries of the model.
The regularization prescription given above provides an
interpolating trajectory for Γk in theory space starting
with the classical action S at the UV scale Λ and yield-
ing the full quantum effective action Γ at k = 0. We
will ultimately be interested in an extraction of the cor-
responding β functions for the couplings and thus require
an equation giving the scale dependence of the effective
action. The Wetterich equation [54] can be derived ex-
actly and reads
∂tΓk =
1
2
STr
(
Γ
(2)
k +Rk
)−1
∂tRk. (A4)
Herein t = ln k and Γ
(2)
k =
→
δ
δφa(−p)Γk
←
δ
δφb(q)
. φa is a su-
perfield that collects all bosonic and fermionic degrees
of freedom of the theory. In our case it is given by
φa(p) = (h(p), S(p), ψ(p), ψ¯
T (−p)). The supertrace STr
is a summation over all fields and includes a negative sign
for fermionic degrees of freedom. Further, the trace in-
cludes a momentum-integral, giving the Wetterich equa-
tion an effective one-loop form. A summation over all
internal indices and spacetime indices is also implied.
The Wetterich equation is highly useful as it is struc-
turally a one-loop equation, which encodes nonperturba-
tive effects through the use of the full nonperturbative
propagator. Its derivation does not rely on any assump-
tion, e.g., about the smallness of couplings, and it there-
fore holds exactly. For practical purposes approximations
are necessary, though. The main reason lies in the fact
that quantum fluctuations generate all operators which
are compatible with the symmetries of the theory, which
usually amount to infinitely many. The effective action
at a scale k is thus given by an infinite sum of terms.
The Wetterich equation then decomposes into an infinite
tower of coupled differential equations for the couplings
of these operators. This structure is highly similar to
that of Dyson-Schwinger equations for the n point func-
tions of a theory. In practice a typically finite ansatz for
the effective action is necessary in order to extract results
from the Wetterich equation. For reviews of this method
see [55–61].
We will follow the same route here and choose the fol-
lowing truncation
Γk =
∫
d4x
{
ψ¯i/∂ψ +
1
2
(∂µh)
2 +
1
2
(∂µS)
2
+iy¯(k)hψ¯ψ + V¯k(h, S)
}
, (A5)
with an effective potential of the form
V¯k(h, S) =
m¯h(k)
2
2
h2 + m¯S(k)
2S2
+
λ¯20(k)
8
h4 +
λ¯02(k)
8
S4 +
λ¯11(k)
4
h2S2
+
λ¯30(k)
48
h6 +
λ¯03(k)
48
S6 + ... (A6)
As we are considering the RG flow of a theory with spon-
taneous symmetry breaking, we need to adapt our trun-
cation to that situation. To correctly account for the
effects of quantum fluctuations in the symmetry-broken
regime, we use the following ansatz for the effective po-
tential
V¯k SB(h, S) =
m¯S(k)
2
2
S2 +
λ¯20(k)
2
(
h2
2
− κ¯h
)2
(A7)
+
λ¯02(k)
8
S4 +
λ¯11(k)
2
(
h2
2
− κ¯h
)
S2
+
λ¯30(k)
48
(
h2
2
− κ¯h
)3
+
λ¯03(k)
48
S6 + ...
Generically the RG flow for this class of theories shows
the following behavior: Starting in the symmetric regime
at high scales, quantum fluctuations lower the Higgs
mass, until it reaches zero. At this point, the symme-
try is broken spontaneously and we switch our parame-
terization of the effective action to the second parame-
terization. This ensures that our expansion point for the
effective potential always corresponds to the minimum of
the effective potential, and not a saddle-point.
We introduce the invariants ρh =
h2
2 and ρS =
S2
2
and then make a transition to dimensionless couplings
by defining:
ρ˜h,S = k
−2ρh,S , y(k) = y¯(k), uk = k−4V¯k (A8)
Note that by introducing ρh and ρS the dimensionless ef-
fective potential is a function of their dimensionless ver-
sions uk = uk(ρ˜h, ρ˜S). The RG flow can be studied both
for the dimensionless as well as the dimensionful cou-
plings. The only difference is, that the former includes a
“classical” running, that is associated to a rescaling of a
classical dimensionful quantity under a change of units.
The RG flow can easily be translated from one to the
other formulation.
9Using this truncation, we derive the following β func-
tions for the Yukawa coupling and for the dimensionless
effective potential. In the symmetric regime, we find
βy SYM =
1
8pi2
y4
2 +m2h
(1 +m2h)
2 ,
(A9)
whereas the form in the symmetry-broken regime reads
βy SB =
1
4pi2
y4
1
(1 + 2y2κh)3(1 + 2κhλ20)3
(A10)
− 1
2pi2
y4κh
(3 + 2κhλ20)(λ20 + κhλ30)
(1 + 2y2κh)3(1 + 2κhλ20)3
− 1
2pi2
y8κ2h
1 + 14κhλ20 + 8κ
2
hλ30
(1 + 2y2κh)3(1 + 2κhλ20)3
− y
6
4pi2
κh
3 + 6κhλ20(7 + 4κhλ20)
(1 + 2y2κh)3(1 + 2κhλ20)3
− y
6
4pi2
κh
4κ2h(5 + 2κhλ20)λ30
(1 + 2y2κh)3(1 + 2κhλ20)3
.
For the effective potential, we obtain the following form:
∂tuk =−4uk + 2ρ˜hu(1,0)k + 2ρ˜Su(0,1)k
+IdR,h(ωS , ωh, ωhS) + I
d
R,S(ωh, ωS , ωhS)
+∂tuk|ψ . (A11)
Herein, the first line arises from canonical dimensionality.
The u
(1,0)
k and u
(0,1)
k denote the derivatives with respect
to the first and second argument of uk, respectively. The
subsequent line corresponds to the non-perturbative loop
contributions of the two fields h and S. The fermionic
loop contribution is given by
∂tuk|ψ = − 1
8pi2
1
1 + 2ρ˜hy2
. (A12)
We have defined the threshold function,
IdR,i(x, y, z) =
4vd
d
1 + x
(1 + x)(1 + y)− z , (A13)
with the volume element v−1d = 2
d+1pid/2Γ(d2 ), where d =
4 in our case. The arguments in the flow equation (A11)
read
ωh = u
(1,0)
k + 2ρ˜hu
(2,0)
k , (A14)
ωS = u
(0,1)
k + 2ρ˜Su
(0,2)
k , (A15)
ωhS = 4ρ˜hρ˜S
(
u
(1,1)
k
)2
. (A16)
(A11) summarizes the β functions for all couplings in
the effective potential in a very compact form. For our
explicit evaluation of the RG trajectories, we insert our
ansatz for the effective potential into that equation and
can then project on the appropriate powers of ρ˜h and ρ˜S
to obtain the corresponding β functions. Specifically, we
use
∂tλl,m =
(
∂tu
(l,m)
k +u
(l+1,m)
k ∂tκh
)∣∣∣
ρ˜h=κh
ρ˜S=0
. (A17)
To distinguish between the symmetric and the symmetry-
broken regime, it is simply necessary to use κh = 0 and
κh 6= 0. To obtain βκh , we use the following projection
prescription
βκh = −
∂tu
(1,0)
k
u
(2,0)
k
∣∣∣
ρ˜h=κh
ρ˜S=0
(A18)
As a concrete example, the β function for λ11 in the
symmetric regime reads
βλ11 = ∂tλ11 =
3λ02λ11
16pi2(1 +m2S)
3
+
3λ11λ20
16pi2(1 +m2h)
3
+
λ211
8pi2
(2 +m2S +m
2
h)
(1 +m2S)
2(1 +m2h)
2
. (A19)
In the appropriate limit, where the interaction with
the dark matter scalar vanishes, our β functions reduce
to those of [62].
Appendix B: Threshold effects on the cutoff scale
The functional Renormalization Group framework al-
lows for an automatic (partial) resummation of perturba-
tive effects through a nonperturbative propagator, that
enters the beta functions in the form (1 +m2Φ)
−1, where
Φ = {h, S, ψ}. In the symmetry-broken regime, the cor-
responding masses are proportional to the Higgs self-
interaction in the case of mh, and to the Yukawa cou-
pling in the case of mψ. In the following we study the
effect of these nonperturbative thresholds on the cutoff
scale Λ. We accordingly neglect these effects on the RG
flow, and evaluate the cutoff scale for purely perturba-
tive β functions. Fig. 6 in comparison to fig. 2 clearly
reveals that the band where the highest cutoff scales can
be reached, is significantly slimmer. In particular, the
region of high Higgs masses exhibits significantly lower
values of the UV cutoff scale. This is immediately plau-
sible, as denominators of the form (1 + 2κhλ20)
−1 clearly
lead to a suppression of the corresponding terms in the
β function, when λ20 reaches large values. Accordingly,
nonperturbative threshold effects slow the approach to-
wards the Landau pole. Thereby the same value of the
Higgs mass leads to a lower UV cutoff scale, when these
effects are ignored.
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FIG. 6: We plot contours of fixed cutoff scale Λ, indicated by
colors and numerical values in the plane spanned by mH and
λ11. The dark scalar mass is fixed by the requirement that the
scalar constitutes the complete dark matter relic density. The
dark matter self coupling λ02 = 10
−2. None of the couplings
exceeds the value 3.
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